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Protein–protein interactionMitochondrial carriers link biochemical pathways in the mitochondrial matrix and cytosol by transporting
metabolites, inorganic ions, nucleotides and cofactors across the mitochondrial inner membrane. Uncoupling
proteins that dissipate the proton electrochemical gradient also belong to this protein family. For almost
35 years the general consensus has been that mitochondrial carriers are dimeric in structure and function.
This view was based on data from inhibitor binding studies, small-angle neutron scattering, electron
microscopy, differential tagging/afﬁnity chromatography, size-exclusion chromatography, analytical ultra-
centrifugation, native gel electrophoresis, cross-linking experiments, tandem-fusions, negative dominance
studies and mutagenesis. However, the structural folds of the ADP/ATP carriers were found to be
monomeric, lacking obvious dimerisation interfaces. Subsequently, the yeast ADP/ATP carrier was
demonstrated to function as a monomer. Here, we revisit the data that have been published in support of
a dimeric state of mitochondrial carriers. Our analysis shows that when critical factors are taken into account,
the monomer is the only plausible functional form of mitochondrial carriers. We propose a transport model
based on the monomer, in which access to a single substrate binding site is controlled by two ﬂanking salt
bridge networks, explaining uniport and strict exchange of substrates.lpropyl amine oxide; C12E8,
crylamide gel electrophoresis;
SDS-PAGE, sodium dodecyl-
ic force microscopy
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Transport steps carried out by mitochondrial carriers are required
for many processes in mitochondria, such as the tricarboxylic acid
cycle, malate–aspartate shuttle, oxidative phosphorylation, amino
acid and fatty acid synthesis and degradation, haem and iron–sulphur
cluster synthesis and for the replication, transcription and translation
of the mitochondrial genome [1–3]. Uncoupling proteins, which are
alsomembers of themitochondrial carrier family, dissipate the proton
electrochemical gradient [4–7]. Mutations in mitochondrial carriers
are linked to rare, but severe, human diseases [8].
The mitochondrial carriers form a well-deﬁned family of mem-
brane proteins [9–12]. Each carrier consists of three homologous
sequence repeats of about a hundred amino acid residues [13]. In
addition, they have a signature motif, consisting of the sequence PX
[DE]XX[RK], which is conserved in all members of the family and in all
three repeats (PROSITE PS50920, INTERPRO IPR001993, PFAM
PF00153).
Mitochondrial carriers were widely believed to be homo-dimeric,
ever since the observation was made that one inhibitor moleculebinds to two mitochondrial ADP/ATP carriers on average [14,15].
These inhibitor studies were essential in establishing that the carriers
have two interchangeable states: one open to the mitochondrial
matrix (m-state) and one open to the cytoplasm (c-state) [16,17].
Subsequently, a large amount of biochemical and biophysical data has
been published supporting a structural and functional homo-dimer.
Two basic kinetic models have been proposed to describe the
exchange mechanism of mitochondrial carriers. In the simultaneous
mechanism, two substrates bind at the same time to the carrier,
leading to the formation of a ternary complex, before exchange occurs
[18]. The most straightforward structural interpretation of this model
was a dimer of protomers in opposing states [19,20]. The other kinetic
model is referred to as the single binding centre gated pore mechanism
[21], which in principle is a ping-pong mechanism. In this kinetic
model a substrate is transported but leaves the substrate binding site
before a counter-substrate binds for transport in the opposite
direction [18]. A dimer with a substrate binding site at the interface
of two protomers was one possible explanation [22], often seen in text
books. Most mitochondrial carriers appear to use a simultaneous
mechanism with the exception of the carnitine/acylcarnitine carrier
[23] (reviewed in [20,24]). The dimermodels were attractive, as it was
hard to imagine that the transport of large substrates, such as ATP,
could be carried out by a membrane protein comprised of only six-
transmembane α-helices. After all, many functional units of solute
transporters consist of twelve or more transmembraneα-helices [25].
The dimer models were challenged when the ﬁrst structural
information for the mitochondrial ADP/ATP carrier became available.
818 E.R.S. Kunji, P.G. Crichton / Biochimica et Biophysica Acta 1797 (2010) 817–831The projection structure of the yeast ADP/ATP carrier Aac3p in the
membrane showed that the structural scaffold was a ring of six
transmembrane α-helices with three-fold pseudo-symmetry in
agreement with the three amino acid sequence repeats [26]. The
translocation path for nucleotides was through the centre of the
protein fold, opening for the ﬁrst time the possibility that mitochon-
drial carriers could function as monomers [26]. The structure was
neither compatible with a dimer consisting of protomers in opposing
states nor with a dimer with the translocation path between two
protomers. The atomic structure of the bovine ADP/ATP carrier in the
detergent LAPAO demonstrated that the protein folded into a six α-
helical bundle around a large central cavity with three additional
small α-helices in the mitochondrial matrix [27]. There was no
obvious dimerisation interface present in the protein structure, as
may have been expected for a protein that forms a structural dimer.
In subsequent investigations by our group, the yeast ADP/ATP carrier
was found to be monomeric in detergents [28–30] and functional as
a monomer in the mitochondrial membrane [31]. Others have since
shown that the bovine ADP/ATP carrier was predominantly
monomeric in detergent [32]. A clear discrepancy between these
recent studies and the earlier ones supporting a dimer model is
apparent.
In this review, the methods that have been used to investigate the
oligomeric state of the mitochondrial carriers are discussed. It is
impossible to discuss all of the experimental details, but the key
experiments that provided support for the dimer model are provided.
The conclusions of the papers are revisited with the advantage of
hindsight, as much more information has become available since the
data were published. When all of the critical factors are assessed, we
conclude that the vast majority, if not all, of the data are compatible
with the monomer being the structural and functional form of
mitochondrial carriers.Fig. 1. Size-exclusion chromatography of the yeast ADP/ATP carrier Aac3p in the alkyl-
maltoside detergent series. (A) The traces of Aac3p and (B) protein standards puriﬁed
in octyl-maltoside, nonyl-maltoside, decyl-maltoside, undecyl-maltoside, and dodecyl-
maltoside are shown in red, orange, green, blue and purple, respectively. The migration
of Aac3p is dependent on the size of the associated detergent micelle, whereas the
migration of the proteins standards is unaffected, as they do not bind detergent.2. The oligomeric state of mitochondrial carriers in detergents
The size of mitochondrial carriers in detergents has been
investigated by many biochemical and biophysical techniques.
However, all of the approaches suffer from the fundamental problem
that detergents may affect the oligomeric state in an artiﬁcial way.
Detergents might separate dimers into monomers or might induce
non-speciﬁc aggregation of otherwise separate proteins to form
dimers or oligomers.
2.1. Size-exclusion chromatography
Gel ﬁltration or size-exclusion chromatography separates particles
according to their hydrodynamic radius as they pass through a
column of porous beads [33]. In the case of mitochondrial carriers in
solution, the contribution of the bound detergent and lipid must be
accounted for to obtain accurate values for the molecular mass and
dimensions of the protein [28,30].
The Stokes radii of the carboxyatractyloside (CATR)-liganded
bovine ADP/ATP carrier (AAC1) in Triton X-100 and the free Triton
X-100 micelle were 65 Å and 53 Å, respectively [34]. Bovine AAC1 in
complex with 6′-O-ﬂuorescein-atractyloside had an apparent molec-
ular mass of 150 kDa in dodecyl-maltoside [35]. Both studies con-
cluded that AAC1 formed a homo-dimer. However, CATR-inhibited
yeast ADP/ATP carriers Aac2p and Aac3p were found to be
monomeric in fourteen different detergents [28–30]. A key observa-
tion in this study was that the size of the protein–detergent micelle
increased with increasing molecular mass of the detergents (Figs. 1A
and 2A), demonstrating that the associated detergent micelle has a
larger contribution than the protein to the overall mass. Another was
that accurate size determinations were only possible, because the
migration of the protein standards were not affected by thedetergents (Fig. 1B). In this case, the Stokes radii of the Aac2p–Triton
X-100 micelle and the free Triton X-100 micelle were 52 Å and 42 Å,
respectively, while the Aac2p–dodecyl-maltoside micelle had an
apparent molecular mass of 118 kDa [28]. The Stokes radius of the
Aac2p–Triton micelle (52 Å) is smaller than that of the AAC1–Triton
micelle (65 Å). However, the values of the free Triton X-100 micelles
(42 Å [28] versus 53 Å [34], respectively) also differed to a similar
extent, indicating that the difference between the radii is unlikely
related to the oligomeric state of the proteins. The puriﬁcation steps
prior to size-exclusion chromatography differed substantially be-
tween studies. AAC1 is puriﬁed from natural sources and the excess
detergent and lipid from the solubilisation was removed by sucrose
density gradients [34] or by negative chromatography through ion
exchange columns [35]. However, it is likely that substantial amounts
of lipid remained in the associated detergent micelles. In contrast,
solubilised His-tagged Aac2p and Aac3p were bound to immobilised-
nickel afﬁnity columns and washed extensively, and thus most lipid
moleculeswould have been removed except for those tightly bound to
the carriers [28,30]. We have found lipids to have a substantial effect
on the Stokes radius when Aac3p is puriﬁed in deﬁned lipid/dodecyl-
maltoside micelles (∼0.1 lipid/protein ratio). The Stokes radius
increased incrementally with the increasing length of the alkyl chain
of the lipids (Fig. 2B), similar to the trend for detergents (Fig. 2A).
These increases correspond to changes in molecular mass of the
Aac3p–dodecyl-matosidemicelle by 45 and 75 kDa, and so differences
in lipid content of themicelles can easily account for the differences in
mass (118 kDa [28] versus 150 kDa [35]). Given that the lipid/AAC1
weight ratio was 0.25 in Triton X-100 [34], which is much higher than
in our experiment (0.1 lipid/Aac3p; Fig. 2B), lipids could also explain
the difference in dimensions of the yeast and bovine proteins in Triton
X-100. Thus on this basis, AAC1 in Triton X-100 could have been
monomeric, but there is another independent criterion that supports
this possibility. The difference in the Stokes radius between the AAC1–
Triton X-100 and the free Triton X-100micelle is 12 Å, which is similar
to values observed for Aac3p in fourteen other detergents (7–13 Å)
[28,30] and two lipid–dodecyl-maltoside micelles (10 and 11 Å; this
study). Thedifference value is an estimationof the radius of theprotein
Fig. 2. Effect of detergents and lipids on the Stokes radius of the Aac3p-micelle in size-
exclusion chromatography. A. The Stokes radius of Aac3p in complex with CATR, puriﬁed in
detergents of the alkyl-maltoside series; 8 M octyl-maltoside, 9 M nonyl-maltoside, 10 M
decyl-maltoside, 11 M undecyl-maltoside, 12 M dodecyl-maltoside and 13M tridecyl-
maltoside. [28] B. The Stokes radius of Aac3p puriﬁed in dodecyl-maltoside (0.1%) alone
and in dodecyl-maltoside plus lipids; 1′,3′-bis[1,2-dimyristoyl-sn-glycero-3-phospho]-sn-
glycerol (14:0 CL), 1′,3′-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol (18:1 CL) (both
at 0.1 mg/ml) (unpublished data, Marilyn Harding).
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average [30]. Based on the coordinates of monomeric AAC1 struc-
ture [27], the average radius on the outside of the protein at themiddle
of the membrane is ∼14.6 Å. Using these ﬁgures AAC1 was most likely
a monomer in Triton X-100, as conﬁrmed independently by analytical
ultracentrifugation studies [32].
The yeast citrate carrier Ctp1pwas expressed in inclusion bodies in
Escherichia coli and puriﬁed in the detergent sarkosyl, and the
molecular mass was estimated to be ∼71 kDa by size-exclusion
chromatography. However, the contributions of bound sarkosyl to the
migration of Ctp1p and the protein standards were not determined,
invalidating the claim that the carrier was dimeric [36]. More
importantly, no evidence was provided that the protein is folded
correctly in sarkosyl, a relatively harsh detergent. Ctp1p puriﬁed in
dodecyl-maltoside from yeast mitochondrial membranes is mono-
meric after correction for the contribution of detergent and lipid, as
are the mouse uncoupling protein UCP1, the yeast dicarboxylate
carrier Dic1p and the phosphate carrier Mir1p (M. Monné, D.J.
Slotboom, M. Harding and A. Ludovico, unpublished data).2.2. Analytical ultracentrifugation
The oligomeric state of a protein particle can be determined by
analytical ultracentrifugation. Sedimentation velocity experiments
describe the entire time-course of sedimentation, reporting on the
shape and molar mass of the dissolved macromolecules, as well as
their size-distribution. However, for solubilised membrane proteins
the contributions of lipids and detergents need to be accounted for
[37]. Sedimentation equilibrium experiments are concerned only with
the ﬁnal steady-state of the experiment, where sedimentation is
balanced by diffusion opposing the concentration gradients. In this
case, the apparent molecular mass is dependent only on the con-centration of the protein, the radius, angular velocity and the density
increment, which can be measured directly [28,37,38].
Velocity sedimentation analytical ultracentrifugation was applied to
study the oligomeric state of the bovine ADP/ATP carrier AAC1 [34] and
the uncoupling protein (UCP1) in Triton X-100 [39]. The determined
molecularmass of theAAC1–lipid–detergentmicellewas 171 kDa. After
removal of excess Triton X-100 and lipid by sucrose gradient cen-
trifugation and size-exclusion chromatography, the lipid and detergent
contributions had weight ratios of 0.25 and ∼1.5 (g/g of protein),
respectively. The protein was thought to be dimeric (63 kDa) after
subtraction of the contributions of the lipid and Triton X-100. Similarly,
the molecular mass of the uncoupling protein in Triton X-100 was
determined to be 62 kDa, though without correction for lipid binding
[39]. A challenging aspect of these experiments is that the protein was
puriﬁed from native membranes without a binding step to control the
detergent and lipid conditions. Sucrose density centrifugation had to be
introduced to remove excess detergent and lipid, but may have
destabilised the protein. Another was the use of Triton X-100 pre-
parations, which consist of ill-deﬁned polymers and impurities, and
have signiﬁcant UV absorbance, making quantiﬁcation difﬁcult. The
weight ratio of bound Triton X-100 to AAC1 (1.5) is much lower than
that of tridecyl-maltoside to Aac3p (3.0), even though the Stokes radius
of the protein–detergent micelle is much larger, indicating an
underestimation of the amount of bound detergent.
The bovine AAC1 in Triton X-100 has recently been re-analysed by
sedimentation velocity analytical ultracentrifugation under similar
conditions [32] to those used in earlier studies [34]. With better
analytical software, the protein was shown to be predominantly
monomeric, but dimers, trimers and higher oligomers were also
observed [32], indicating that the protein was aggregating. In two
other detergents AAC1 was shown to be monomeric [32].
Sedimentation equilibrium ultracentrifugation has been applied to
the yeast ADP/ATP carrier Aac2p in dodecyl-maltoside [28]. The
density increment was measured directly after equilibration by
dialysis. The apparent molecular mass was determined to be 32 kDa,
which agrees with theoretical mass of 36 kDa, demonstrating that
Aac2p was monomeric.2.3. Small-angle neutron scattering
In small angle neutron scattering, a sample is bombarded
with neutrons, which are elastically scattered by interactions
with the nuclei of the atoms. The resulting scattering pattern is
analysed to provide information about the size, shape and
orientation of the components in the sample. Hydrogen atoms
scatter neutrons effectively in contrast to deuterium atoms, allowing
the contribution of solvent components to be masked by deuterium
exchange.
This approach was used to determine the molecular mass of the
bovine AAC1 in LAPAO in the presence of inhibitor [40]. Matching
point was achieved at 10% D2O and the mass was estimated to be 53,
56 or 61 kDa, depending on the estimated level of hydrogen/
deuterium exchange. The protein was thought to be a dimer, even
though the masses were systematically lower than expected for a
dimer (65 kDa). As the protein was puriﬁed by negative chromatog-
raphy with hydroxyapatite, followed by a desalting and concentration
step, the sample may have contained high levels of free LAPAO–lipid
micelles. The presence of these micelles would have complicated the
measurements considerably, because their contribution to the overall
scatter needs to be masked fully to obtain accurate parameters for the
protein. A recent re-evaluation yielded a value of 44 kDa at amatching
point of 15% D2O, which is more compatible with a monomer [32].
This technique has not yielded conclusive results, but the same
sample contained monomeric AAC1 in velocity sedimentation
ultracentrifugation [32].
820 E.R.S. Kunji, P.G. Crichton / Biochimica et Biophysica Acta 1797 (2010) 817–8312.4. Native gel electrophoresis
Blue native gel electrophoresis (BN-PAGE) allows the separation of
membrane proteins by size and has been used for the puriﬁcation
of large complexes in native form, such as the complexes of the
electron transfer chain [41] or the import machinery of mitochondria
[42]. In essence the method is the same as SDS-PAGE, but the milder
Coomassie dye is used instead of SDS to provide the necessary charge
for the electrophoretic separation of proteins and protein complexes
under native conditions.
The rat oxoglutarate carrier [43], the yeast ADP/ATP carrier [43–46],
the yeast dicarboxylate carrier Dic1p [47], and the silver eel
tricarboxylate carrier [48] have an apparent molecular mass in the
range of 78–118 kDa, when they are solubilised from mitochondrial
membranes in 1% digitonin (Table 1). Yeast Aac1p had an apparent
molecular mass of 67 kDa in dodecyl-maltoside [49] (Table 1).
Despite the variation, these masses were assumed to represent a
dimer, because the mitochondrial carriers are in the molecular mass
range of 30–35 kDa.
However, what is the contribution of the associated lipid/
detergent micelle to the migration of the proteins in BN-PAGE? As
mitochondrial carriers are solubilised directly from mitochondrial
membranes, the lipid content of the detergent micelles is very high.
We have analysed the contribution of detergents and lipids on the
migration of the CATR-bound yeast ADP/ATP carrier Aac3p in BN-
PAGE. When the dodecyl-maltoside concentration in the solubilisa-
tion was increased from 1 to 4%, leading to a dilution of the lipid
content of the associated detergent micelles, the apparent mass
decreased from 137 to 72 kDa (calibrated using soluble markers; Paul
Crichton, unpublished results). When protein was puriﬁed by
extensive washing on a nickel afﬁnity column, the apparent molecular
mass in BN-PAGE was ~54 kDa. However, if the protein was diluted
into buffers containing micelles in deﬁned lipid/detergent ratios, the
apparent mass increased incrementally with increasing lipid/deter-
gent ratios to a molecular mass of ∼135 kDa at the point where the
ratio mimicked solubilisation conditions. Importantly, these incre-
mental changes were too small to account for a change in oligomeric
state in the series and thus the protein was monomeric in all
conditions. These experiments demonstrate clearly that the lipid
content of the solubilised protein is a major factor in the migration in
BN-PAGE, but support for this notion can also be found in the
literature. Aac2p had an apparent mass of ∼109 kDa solubilised from
wild-type mitochondria (determined from Fig. 4 in [46]). In contrast,
the mass of Aac2p solubilised frommitochondria of the Δcrd1mutant,
which is deﬁcient in the synthesis of cardiolipin, was 94 kDa, as the
protein lacked tightly bound cardiolipin molecules [27,30,50,51].
Further evidence comes from the stages in the import process of
mitochondrial carriers into inner mitochondrial membrane by the
TIM translocase [44]. In Stage III Aac2p is in the intermembrane space
and has an apparent molecular mass of ∼45 kDa, whereas in Stage V
after insertion into the mitochondrial membrane the molecular mass
increases to ∼92 kDa [44]. The increase in apparent mass could beTable 1
Estimated molecular masses of mitochondrial carriers in blue native page
electrophoresis.
Carrier Name Species Detergent MW Reference
ADP/ATP carrier Aac2p Yeast 1% Digitonin ∼90 [44]
1% Digitonin ∼109 [46]
1% Digitonin ∼78 [43]
1% Digitonin ∼118 [45]
Aac1p Yeast 0.16% Dodecyl-
maltoside
∼67 [49]
2-Oxoglutarate carrier OGC Rat 1% Digitonin ∼78 [43]
Dicarboxylate carrier Dic1p Yeast 1% Digitonin ∼98 [47]
Tricarboxylate carrier CTP Silver eel 1% Digitonin ∼80 [48]attributed to associated lipid after insertion rather than dimerisation,
explaining why there is no time dependency [49]. Differences in
apparent molecular masses (Table 1) most likely relate to different
conditions of solubilisation (e.g. protein/detergent/lipid ratios)
before loading the samples onto a gel. Of course, the effect of lipids
and detergents on migration is much larger for relatively small
membrane proteins or membrane protein complexes than for large
complexes.
Other important factors that may inﬂuence migration are the type
of detergent used and the level of detergent replacement by
Coomassie in the protein–detergent micelle. Coomassie was shown
to replacemost of the dodecyl-maltoside bound to the puriﬁed lactose
transporter LacS, giving a complex ∼80% larger than expected for the
protein alone [52]. This estimate corresponded well to the migration
of the LacS monomer in BN-PAGE, leading to a correction factor of 1.8
to account for the contribution of Coomassie to the molecular mass.
Correcting our estimate of the puriﬁed yeast Aac3p (54 kDa) in this
way gives a value of ∼30 kDa, close to the molecular mass of the
monomer.
Another often overlooked, but important, aspect is the stability of
mitochondrial carriers in detergents. Mitochondrial carriers have a
high propensity to aggregate in detergents unless they are stabilised
by CATR [28], which may be compounded by the absence of detergent
in gels. The reason for the instability most likely relates to the lack of
polar interactions between the transmembrane α-helices [27,53],
which in the absence of lateral pressure of the membrane can lead to
unfolding and aggregation of the protein. Often highmolecular weight
species are present in the BN-PAGE gels, indicating non-speciﬁc
aggregation [45,49].
2.5. Differential afﬁnity puriﬁcation
Differential tagging and afﬁnity puriﬁcation have been used to
investigate the oligomeric state of mitochondrial carriers. This
approach is based on the principle that proteins that form a stable
complex in detergent should co-purify by afﬁnity chromatography, if
one of the protomers contains an afﬁnity tag (Fig. 3). This method is
faster andmore straightforward than other techniques, as the amount
of bound detergent and lipid does not have to be determined.
However, care needs to be taken to prevent misfolding or unfolding of
the carriers, otherwise non-speciﬁc aggregation can occur, which can
be misinterpreted as native interactions.
The yeast phosphate carrier Mir1p was expressed in inclusion
bodies in a misfolded form with either a FLAG or poly-histidine tag
[54]. The protein was solubilised in sarkosyl and refolded in C12E8
through the removal of sarkosyl by dialysis. The two versions of Mir1p
were mixed and puriﬁed by consecutive FLAG-antibody and immo-
bilised-nickel afﬁnity chromatography steps. The ﬁnal puriﬁed species
contained both tagged versions, demonstrating association of the
proteins. However, no gels or western blots were shown to verify
whether the expected molar composition of the observed species in
each of the puriﬁcation steps was related to the molar ratios of the
starting material. The puriﬁed species had transport activity, but the
yield of functional refolded material had not been determined. Thus,
the material may have contained substantial amounts of unfolded or
partially folded carriers. In agreement with this notion, the authors
noted difﬁculties with the stability and aggregation of the proteins
[54]. Thus, the observed associations may have been caused by non-
speciﬁc hydrophobic interactions of misfolded or partially folded
carriers.
Versions of the yeast mitochondrial ADP/ATP carrier Aac2p with
and without six-histidine or hemagglutinin tags were co-expressed in
deﬁned molar ratios in yeast mitochondrial membranes using
endogenous targeting and folding pathways [29]. The carriers were
solubilised in dodecyl-maltoside, digitonin or Triton X-100 and
puriﬁed by nickel or HA-antibody afﬁnity chromatography. All of
Fig. 3. Principle of differential tagging and afﬁnity chromatography to determine the
oligomeric state of mitochondrial carriers. A version with an afﬁnity tag (blue sphere)
and the wild-type version of the carrier are co-expressed in mitochondrial membranes
in equimolar amounts. (A)When the carrier is present as a monomer in detergent, all of
the tagged versions bind to the column, whereas all of the untagged versions are in the
ﬂow-through. (B) When the carrier is puriﬁed as a stable dimer, half of the untagged is
associated with the bound tagged carrier, whereas the other half is in the ﬂow-through.
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whereas all of the tagged carriers were bound to the column and
eluted subsequently. These results demonstrated that stable dimers
consisting of tagged and untagged carriers were not present. The
speciﬁc inhibitors CATR and BKA and the substrates ADP, ATP and ADP
plus ATP were added prior and during the afﬁnity puriﬁcation to
determine whether lack of association might have been caused by
carriers being prevented from cycling through the various states in
the transport cycle where dimers might form. All of the protein was
accounted for in the fractions, but stable dimers were not detected in
any of these detergents, showing that yeast ADP/ATP carriers were
monomeric in detergents independent of their transport state.
In a recent study expressed His-tagged Aac2p was shown to co-
purify in equal quantities with endogenous Aac2p from digitonin-
solubilised yeast mitochondria [55]. However, the His-tagged protein
also co-puriﬁed ﬁve of the six membrane proteins that were screened
for, suggesting that the detected Aac2p interactions are non-speciﬁc
and, therefore, of questionable relevance. CATR was not used to
stabilise Aac2p and given the relatively low concentration of digitonin
used (0.5%), these results could be due to aggregation or precipitation.
2.6. X-ray crystallography
Structural methods can be used to assess the interactions of
proteins. However, crystallographic information has to be used with
care in the assessment of the oligomeric state, as relative protein
orientations could have been determined by crystal contacts rather
than native interactions. Only a signiﬁcant interaction interface with
evidence of compatible structural and/or chemical interactions may
be indicative of a native dimer or oligomer.
The only available atomic structure of a mitochondrial carrier is
that of the bovine ADP/ATP carrier in complexwith the inhibitor CATR
[27]. The protein was puriﬁed in the detergent LAPAO and crystallised
in two different crystal forms. The P21212 crystal form did not con-
tain dimers [27], but the C2221 crystal form contained two sets of
monomers with the same orientation [51]. It has been suggested thatthese dimers could represent a native form in a lipid environment
[51,56,57]. All of the major protein–protein interactions in the C2221
crystal form are between proteins from different crystal layers or
between proteins with the opposite orientations. All of the contact
points between proteins with the same orientation are mediated by
cardiolipins with no protein–protein interactions. Cardiolipin inter-
actions could not account for the stability of dimers in detergents nor
could they provide sufﬁcient strength for functional cooperativity. It is
also difﬁcult to imagine how lipid-mediated interactions would allow
the speciﬁc recognition of two protomers of the same carrier at the
exclusion of structurally related carriers with a different function.
Cardiolipin is important, but not essential for the function of the ADP/
ATP carrier, as mutants in the biosynthetic pathway of cardiolipin are
still able to grow on non-fermentable carbon sources [58]. Analytical
ultracentrifugation has demonstrated that the carriers were mono-
meric in LAPAO prior to crystallisation [32], and so the dimers formed
during crystallisation. The notion that they did not crystallise as native
dimers is supported further by the observation that the pseudo-three-
fold axis of symmetry is at an angle of ∼10° to the plane of carriers.
Finally, the dimers in the C2221 crystal [51] do not resemble those
seen in the P22121 crystal [26] by distance of approach or orientation,
and thus there is no consensus interface for ADP/ATP carriers. It is
hard to believe that each orthologue would have evolved a unique
way of coupling dimerisation to a common transport mechanism. All
of the available structural data in detergent are consistent with a
monomeric structure of the ADP/ATP carrier.
3. The oligomeric state of mitochondrial carriers in the membrane
The lipid bilayer is themost relevant environment for assessing the
oligomeric state of mitochondrial carriers. Electron microscopy has
been used to analyse stained samples or two-dimensional crystals, but
may predetermine the relative orientations of the proteins in the
crystal packing. Chemical cross-linking can determine if proteins are
in close proximity, but cannot distinguish between speciﬁc interac-
tions of protomers or random non-speciﬁc encounters of monomers.
3.1. Freeze-fracture electron microscopy
For the stained reconstituted bovine AAC1 in liposomes an average
diameter of ∼75 Å has been obtained by freeze-fracture electron
microscopy [59]. The size estimate was taken to indicate a dimeric
arrangement. Importantly, no correction for the thickness of the stain
layer was carried out, which was 17 Å in another study (∼5 platinum
atoms deep) [60]. The length of the shadow, which provides the
estimate of the diameter, is critically dependent on the protrusion of
the protein from the membrane and the angle of shadowing, which
was not given. The matrix side of the bovine ADP/ATP carrier (with a
diameter of ∼42 Å) protrudes as much as 10 Å from the membrane,
whereas the cytoplasmic side hardly does at all [53] in agreement
with the structure [27]. Therefore, the shadow may have appeared
larger than expected for a six α-helical protein, especially since it has
a large central cavity. If the particles had been dimeric, they should
have had a polar axis ratio larger than two and thus a pronounced
elongated appearance, which is not evident in the micrographs. Taken
together, the particles observed in the freeze-fracture electron
microscopy were most likely monomers, not dimers.
3.2. Electron cryo-microscopy
The projection structure of the yeast ADP/ATP carrier Aac3p in
complex with atractyloside (ATR) was obtained by electron crystal-
lography from two-dimensional crystals of reconstituted Aac3p [26].
The structure demonstrated that the carrier in the membrane was
monomeric, as could be deduced from the three-fold pseudo-
symmetry and the dimensions. The two crystal forms P2 and P22121
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[26], but the carriers weremonomeric during puriﬁcation [28,29], and
thus the dimers formed in crystallisation. The vast majority of the
interactions in the crystal are mediated via lipid–lipid and lipid–
protein interactions [53]. The few protein–protein interactions that do
occur are between non-conserved cytoplasmic loops, suggesting that
the carriers do not have a speciﬁc protein-based dimerisation
interface in the membrane.
3.3. Atomic force microscopy
The P22121 crystals of yeast ADP/ATP carrier Aac3p were also
analysed by atomic force microscopy (AFM) [53]. The crystals
consisted mainly of rows of Aac3p dimers with alternating orienta-
tions in agreement with the symmetry. The difference in height
between differently oriented rows of Aac3p was ≈7 Å, as the matrix
side protruded ∼10 Å from the membrane, whereas the cytoplasmic
side is barely exposed at ∼3 Å. Striking deviations of symmetry were
also observed in the AFM images, as conﬁrmed by cross-correlation
Fourier analysis of the EM micrographs, indicating that the crystals
were highly mosaic. When the carriers are reconstituted at lower
protein/lipid ratios, single protein molecules are detected in addition
to small crystals. Thus, dimers, existing as free entities in the
membrane, have not been detected with this method.
3.4. Chemical cross-linking
The ability to cross-link proteins chemically has been used inmany
studies as evidence of their close physical interaction. However, it is
important to note that this ability per se does not necessarily mean
that they form native dimers. Mitochondrial carriers, such as the ADP/
ATP carrier, phosphate carrier, and uncoupling protein, are present at
high concentrations in the mitochondrial inner membrane, and thus
close physical interactions of no structural or functional relevance
may be inevitable. In fact, the residues involved are constrained to the
same plane of movement, increasing the likelihood of cross-linking
further.
Cross-linking studies have typically used copper-o-phenanthroline
or diamine to linkcysteine residues chemically. Both agents cross-linked
the uncoupling protein UCP1 at Cys304 in the membrane or in Triton
X-100 after solubilisation [61]. The reconstituted protein is func-
tional after cross-linking, retaining GTP binding and proton trans-
port. Residue Cys304 is in the ﬂexible C-terminus, readily available
to cross-linkers whether the carrier is in the membrane or the
detergent micelle. The cross-linked protomers would be separated
by at least 20 residues, corresponding to ∼70 Å, and so they could
have functioned independently of each other as monomers.
The bovine ADP/ATP carrier in sub-mitochondrial particles
(inside-out membranes) was cross-linked by copper-o-phenanthro-
line in the presence of bongkrekic acid (BKA), which ﬁxes the carrier
in the matrix state, but in the presence of CATR, which locks the
carrier in the cytoplasmic state, cross-linking did not occur [62]. The
latter observation is in agreement with the structure of the CATR-
inhibited state [27], as Cys56, which is involved in the intermolecular
cross-link, is on matrix α-helix h12, buried inside the protein. This
residue must become available for cross-linking when the carrier is in
the matrix state [31]. The results show that there is no static
dimerisation interface, as cross-linking is dependent on the confor-
mational state. The optimal linker distance of 12 Å [63] is fully
compatible with cross-linking of two separate monomers.
The cross-linking of either AAC1 or UCP1 was inhibited by sodium
dodecyl-sulphate (SDS) [61,64,65]. This observation has been used in
favour of the dimer model, the rationale being that the carriers are
unfolded in SDS or solubilised to monomers, and so are no longer
associated as dimers for cross-linking. However, suppression by SDS is
also fully compatible with a monomer model. Solubilisation abolishesthe membrane structure and consequently decreases the effective
concentration of the protein dramatically. In addition, the movements
of the carriers are no longer restricted to in-plane rotations and lateral
diffusion, decreasing the likelihood of chance encounters of cross-
linking residues enormously. Importantly, levels of cross-linking were
also suppressed or even abolished, when carriers were solubilised in
Triton X-100, a non-denaturing detergent [61]. This result is not
consistent with the preservation of a stable dimer interface in Triton
X-100, yet would be expected with independent monomers.
The observation that the cross-linking rate did not decrease when
UCP1 was diluted was used as evidence for a conserved dimer
interface [61], following the logic that the reaction would be second
order with respect to the carrier concentration, if it relied on random
collision of monomers. However, without dilution, much of the
reaction appears to have progressed in the ﬁrst minute or two (see
Fig. 1 [61]). In the time frame of the dilution experiments (2 to 40 min,
data not shown [61]) signiﬁcant cross-linking has already occurred
and thus key changes in the reaction rate, required for this
assessment, are likely to have been missed.
Other mitochondrial carriers, such as the mitochondrial oxogluta-
rate and phosphate carrier were cross-linked in detergent, but not in
the membrane [66,67]. Yet in all of the cases, cross-linking occurs in
different regions of the mitochondrial carriers, which would point to
different dimerisation interfaces. It is difﬁcult to believe that each
carrier has evolved a unique way to dimerise.
4. The behaviour of mitochondrial carriers in functional studies
The most relevant question is whether the carriers are functional as
monomers or dimers. Several different approaches have been taken to
study this aspect, such as binding studies, limited reconstitution
analysis, negative dominance studies, functional analysis of site directed
mutants and kinetic studies.
4.1. Binding studies
Binding studiesdetermine the stoichiometryof inhibitor or substrate
binding to the protein, but they cannever provide conclusive arguments
for the oligomeric state of the protein. The measurements of ligand
binding are technically challenging, because they are inﬂuenced by
structural and proteolytic stability of the protein, by binding site
accessibility, by populations with different conformational states, by
incomplete separation of the bound and free ligand, by non-speciﬁc
binding, and by competition with contaminating substrates/ligands.
When the ﬁrst puriﬁcation procedures were developed for the
bovine mitochondrial ADP/ATP carrier AAC1 in Triton X-100, radio-
labelled CATR [68] was used to trace AAC1 in hydroxyapatite and size-
exclusion chromatography [14]. For thepuriﬁedAAC1, a binding value of
18 μmol/gwas observed, indicating that twoAAC1 bind onemolecule of
CATR on average. The amount of bound BKA [69] was determined to be
16.3 μmol/g of AAC1, indicating that a similar binding stoichiometry as
CATR [15]. BKA can be replaced by CATR in the presence of ADP,
indicating that the two inhibitors bind to different states of the carrier
[15]. CATR locks the carrier in the cytoplasmic statewith the binding site
for ADP open to the cytoplasm,whereas BKA inhibits thematrix state, in
which the binding site for ATP is accessible to the mitochondrial matrix
[70,71]. Binding studies of UCP1 with its inhibitor GTP have also been
performed, and the determined stoichiometry was one GTP per two
proteins [72]. In these studies a modiﬁed version of the Lowry method
was used for protein determination, which is likely to overestimate
signiﬁcantly the protein amount at high concentrations of Triton
X-100 (see [73]) that were typically used.
These binding studies have been interpreted as evidence for the
existence of a dimer in complex with one inhibitor. However, the
structure of the ADP/ATP carrier has demonstrated that one CATR
molecule is bound to a single protein molecule [27]. Thus, the
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membrane simultaneously, one capable of binding CATR and the other
not. However, these studies do not provide evidence for the physical
association of protomers to dimers, as they can be equally well
explained by populations of monomers in two states that cannot
inter-convert in the absence of substrate. The binding studies are fully
compatible with a monomer model for function.4.2. Reconstitution of carriers at limiting concentrations
If carriers were to be functional as dimers, reconstitution of
monomers into liposomes at low protein/phospholipid ratios would
yield a lower than expected speciﬁc activity, as at least two protomers
per liposomes are required to form a functional dimer. The yeast
mitochondrial phosphate carrier Mir1p was overproduced in inclu-
sion bodies in Escherichia coli and solubilised with sarkosyl in an
unfolded state [54]. When sarkosyl was replaced fully by C12E8, the
carrier was active at low protein/phospholipid ratios, as observed also
for Mir1p isolated from mitochondria. In contrast, Mir1p reconsti-
tuted from sarkosyl with added C12E8 showed a ‘sigmoidal’ relation-
ship with the protein/phospholipid ratio, indicating that the carriers
were not active unless sufﬁcient amounts were present in each
liposome. The assumption was that the mitochondrial Mir1p and
refolded Mir1p exchanged into C12E8 were dimeric, whereas the
carrier in sarkosyl with added C12E8 was monomeric. However, these
results can be explained a different way. The detergents used in the
reconstitution procedure were at a ﬁxed concentration, but the
sarkosyl concentration most likely varied with added protein,
decreasing with lower protein/lipid ratios. Sarkosyl, required to
keep the protein soluble, might have had a major effect on the
efﬁciency of protein delivery, folding and reconstitution into
liposomes during stages of detergent removal. The lower than
expected speciﬁc transport rate at low protein/lipid ratios could
reﬂect the presence of inactive, poorly reconstituted Mir1p protein,
due to sub-optimal sarkosyl concentrations. The observed variation in
speciﬁc activity of Mir1p reconstituted in the presence of other
detergents supports this interpretation (5-fold difference, Table 1
[54]), indicating that varying levels of ‘dead’ protein were indeedFig. 4. Principle of negative dominance studies. Carriers function as monomers (top panels)
inactive (yellow) carriers are introduced into the membrane in various deﬁned ratios for tran
is 1/4 and 3/4, respectively. The initial uptake rate is 1/4 of the expected total speciﬁc transp
functions as a dimer. (B) The fraction of active and inactive carrier is 3/4 and 1/4, respectivel
functions as a monomer, whereas it is (3/4)2=9/16, if the carrier functions as a dimer. Anpresent, depending on the detergent balance present during
reconstitution.4.3. Negative dominance studies
Negative dominance studies evaluate whether the inhibition of
one version of a protein prevents the function of another version.
Inactive and active carriers are mixed or co-expressed in deﬁned
ratios and the transport activity is determined (Fig. 4). If the carriers
function independently, the activity is directly proportional to the
fraction of active carrier. If the carriers function as a dimer, all homo-
dimers and hetero-dimers containing inactive carriers would be
inactive. The residual transport activity would be dependent on the
square of the fraction of the active carrier [31].
These studies have been applied ﬁrst to the mitochondrial
phosphate carrier Mir1p, exploiting the sensitivity of mitochondrial
carriers to sulfhydryl reagents [54]. Mir1p was expressed as inclusion
bodies, solubilised by sarkosyl and refolded in C12E8 (as described
above). The transport activity of unmodiﬁed and N-ethylmaleimide-
treated Mir1p were determined after they were mixed in deﬁned
ratios and reconstituted. The data seem to follow a quadratic curve,
indicating that the NEM-treated carriers might affect the function of
the untreated carriers. However, if the data points had been ﬁtted
with a power function, the trend could have been linear with a shift of
about 20%, which could have been caused by a small contamination of
NEM affecting the non-treated carriers.
An alternative approach was used with yeast mitochondrial ADP/
ATP carrier Aac2p that avoids the problem of inhibitor carry-over [31].
Adenine nucleotide transport by wild-type Aac2p is inhibited by the
sulfhydryl reagent sulfonatoethyl-methanethiosulfonate (MTSES). A
cysteine-less Aac2p was engineered by replacing all four cysteines by
alanine. The strain expressing this mutant protein grew normally on
glycerol, indicating that adenine nucleotide transport was sufﬁcient to
support growth on non-fermentable carbon sources. In addition, the
initial transport rates of the cysteine-less Aac2p were similar to those
of the wild-type at the set substrate gradients. Wild-type and
cysteine-less Aac2p were co-expressed in different molar ratios in
yeast mitochondrial membranes. After addition of MTSES to isolatedor as dimers (bottom panels). By reconstitution or co-expression active (orange) and
sport assays. Here we consider two cases. (A) The fraction of active and inactive carrier
ort rate, if the carrier functions as a monomer, whereas it is (1/4)2=1/16, if the carrier
y. The initial uptake rate is 3/4 of the expected total speciﬁc transport rate, if the carrier
afﬁnity tag (blue sphere) can be used to determine the fractions in western blotting.
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residual transport activity was shown to correlate linearly with the
fraction of cysteine-less carrier present in the membranes, demon-
strating that the two versions functioned independently of each other.
The cysteine-less and wild-type carriers were also puriﬁed separately,
mixed in deﬁned ratios and reconstituted into liposomes (ATR was
used to stabilise them during puriﬁcation). Again, the residual
transport activity in the presence of MTSES was linearly dependent
on the amount of cysteine-less carrier, showing that there is no
negative dominance. Thus, the entire transport cycle for ADP/ATP
exchange by Aac2p is carried out by the monomer.
Chimeras of functional and dysfunctional carriers have been used
also for negative dominance studies. Chimeric dimers are formed
genetically by linking two monomers via a small peptide linker.
Tandem-repeated homo-dimers of the yeast ADP/ATP carrier were
shown to be functional [74,75]. However, these observations alone doFig. 5. Asymmetric and symmetric residues in the yeast ADP/ATP carrier. Comparative mode
carrier [27]. A. Asymmetric residues in the cavity, coloured according to the symmetry score
by a hexagon. B. Asymmetric residues on all water-accessible surfaces except for those of
interactions, belonging to the putative cytoplasmic network [76], the matrix network [27,97]
negatively charged residues are shown in blue and red, respectively. D. Highly symmetric Gnot provide proof for the functional association of two proteins, as the
ﬂexible linker is approximately 30 amino acids long (N100 Å). A
chimera between wild-type Aac2p and the R294A mutant was
engineered [22]. The R294A mutant of the yeast ADP/ATP carrier
Aac2p had a low transport activity of ATP compared to ADP, which is
in agreement with the location of the substrate binding site [76–80].
The chimera had very similar transport properties and selectivity as
expected from the sum of the two individual components, showing
that the linked carriers do not require each other for function.
When wild-type Aac2p is linked in a chimera to a largely inactive
mutant op1 in either order, the hetero-chimeras were capable of
growth on non-fermentable carbon sources in contrast to the double
op1 mutant [81]. These results show that the wild-type monomer is
capable of functioning independently from the inactive monomer, as
the Vmax values were similar for all of the homo-chimeras and hetero-
chimeras. The kinetic dependence on substrate during ADP/ATPl of the yeast ADP/ATP carrier Aac2p [77] based on the structure of the bovine ADP/ATP
(red, highly asymmetric) [76]. The common substrate binding site [76–78] is indicated
the cavity (coloured as in A). C. Highly symmetric residues that can form salt bridge
and the links between the odd-numbered andmatrixα-helices [27]. The positively and
ly, Pro and aromatic residues.
Fig. 6. Speciﬁc dimerisation requires an adaptation of the three-fold pseudo-symmetry.
(A) Speciﬁc symmetric homo-dimerisation requires a conserved and asymmetric
interface, which differs signiﬁcantly from the other two symmetry-related sides.
(B) Speciﬁc non-symmetric homo-dimerisation requires the surface of the three
domains to be asymmetric and conserved. (C) Speciﬁc hetero-dimerisation, the asso-
ciation of two different carriers or two different states, requires at least one side to be
asymmetric and conserved.
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at the level of substrate binding. However, the measured Km value for
Aac2p was unusually low, i.e. 0.68 μM (see Table 3 and Fig. 4 in [81])
compared to other estimates of the same parameter, which are in the
range of 9–15 μM [82]. If the latter Km values are used instead, the
kinetic effects would have been additive, indicating no cross-talk at
the level of substrate binding.
A covalent heterodimer of the ADP/ATP carrier and the phosphate
carrier was able to transport both substrates (panel 4 and 5 of Fig. 5 in
[81]). The associated phosphate transport activity could be inhibited
with CATR, a speciﬁc inhibitor of the ADP/ATP carrier, indicating
cross-talk within the chimera. Yet, if the ADP/ATP carrier and the
phosphate carrier are both expressed as separate entities, there is no
effect on phosphate transport from the addition of CATR (panel 2 of
Fig. 5 in [81]), demonstrating that they do not cross-talk in vivo.
4.4. Kinetic studies
Most mitochondrial carriers carry out strict equimolar exchange of
substrates, as exempliﬁed by the ADP/ATP carrier [83,84], but some
carriers also have net import activity, such as the glutamate carrier
[85]. Two kinetic models have been proposed for strict exchange of
substrates. In the simultaneous mechanism, two substrates must bind
at the same time to the carrier, leading to the formation of a ternary
complex, before exchange can occur [18]. This kinetic model would
require the presence of two substrate binding sites in the functional
unit. Alternatively, in the ping-pong mechanism, a substrate is
transported, but must leave the substrate binding site before a
counter-substrate binds for transport in the opposite direction [18].
Therefore, only one binding site is required. Kinetic studies have
indicated that most mitochondrial carriers use a simultaneous
mechanism with the exception of the carnitine/acylcarnitine carrier
[23] (reviewed in [20,24]). There is disagreement on the kinetic
mechanism of the ADP/ATP carrier, which was suggested to be
simultaneous [86,87] or to have a ping-pong mechanism [21,88–92].
Many models have been proposed to explain these kinetic data, using
the dimer as the major structural unit. However, kinetic data alone do
not provide information about the oligomeric state. Additional
information, preferably structural, about the substrate binding site
(s) and translocation pathway(s) are required to relate kinetic data to
a structural mechanism of transport, from which the oligomeric state
can be inferred.
4.5. Site-directed mutagenesis of mitochondrial carriers
Based on mutagenesis and modelling, the amino acid residues
Gly115, Gly119, Glu122 and Gln182 have been proposed to be in the
interface of the homo-dimer formed by the yeast mitochondrial
citrate carrier Ctp1 [93]. However, Gly115 and Gly119, which pre-
cede Glu122, are shifted by one residue compared to Gly119 and
Gly123 of the bovine ADP/ATP carrier, which would change the
orientation of α-helix H3 towards the water-ﬁlled cavity rather than
the membrane.
Residue Cys28 of the mitochondrial phosphate carrier Mir1p,
which is critical for function, has been suggested to be in the putative
dimer interface, as it forms a spontaneous disulphide bond under
oxidising conditions, albeit with extremely low efﬁciency [94].
However, this residue is predicted to be in the cavity at the height
of the common substrate binding site, which may explain why
modiﬁcation by mersalyl inactivates the transporter. The observed
disulﬁde bridge formation may be due to a small fraction of misfolded
protein.
In a systematic study, all residues of the mitochondrial oxogluta-
rate carrier OGC were mutated to single cysteines and their effect on
transport was measured (published [95,96] and unpublished data).
The residues on the surface of OGC that were found to be critical forfunction belong to cytoplasmic salt bridge network PX[DE]XX[KR],
the matrix salt bridge network [YF][DE]XX[RK] [27,97], EG-motif,
YK-motif [76], and the [YWLF]-[KR]-G motif [96]. These motifs are
highly conserved among all carriers and in all three repeats, and
they have well-deﬁned structural and functional roles. All other
residues are highly symmetric, non-conserved or not critical for
function, and thus a dimerisation interface on the surface of the
mitochondrial oxoglutarate carrier could not be detected in this
systematic analysis.5. Sequence analysis
Amino acid sequences encode the properties of proteins, such as the
structural fold, substrate binding, protein interactionsor conformational
changes. The mitochondrial carriers have three homologous sequence
repeats [13] and a three-fold pseudo-symmetrical structure [26,27].
It is possible to use this unique property to ﬁnd residues important
for structure, substrate binding and transport mechanism by
analysing the conservation of symmetry-related residues. It should
also be possible to detect residues involved in dimerisation in this
way.
Since the substrates are not three-fold symmetric in their arrange-
ment of functional groups, the residues of the three pseudo-
symmetrical domains that are involved in substrate binding must
deviate from each other in chemical and physical properties. By
scoring symmetry and identifying asymmetrical residues, it was
shown that mitochondrial carriers have a single substrate binding site
in their cavity [76], which overlaps with the site identiﬁed by distance
and chemical constraints (Fig. 5A) [77,78] and by molecular dynamic
simulations of ADP binding [79,80]. No other clusters of asymmetric
residues can be found on the water-accessible surfaces that could
constitute a plausible substrate binding site by geometric arrange-
ment and/or suitable chemistry (Fig. 5B).
This analysis also demonstrates the high degree of symmetry
present in other regions of the mitochondrial carriers. Several highly
conserved and symmetricalmotifs play roles in forming thematrix salt
bridge network [27,97], the putative cytoplasmic salt bridge network
[76], as well as salt bridge interactions between the odd-numbered
and matrix α-helices [27,76] (Fig. 5C). Other conserved symmetrical
residues, such as prolines [76,98], glycines [76,98] and aromatic
residues [76], are present that might have a general structural or
functional role in the mechanism (Fig. 5D). The observation that all of
the residues that are critical for structure and function have a
conserved three-fold symmetry suggests that the structural
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also [76]. This notion is incompatible with a functional dimer, as the
association of two proteins would impair such movements.
Dimerisation would also require the association of two protomers
at the exclusion of others, a property which must be encoded by
their amino acid sequence. Since the carriers are three-fold pseudo-
symmetric, speciﬁc dimerisation can only occur if asymmetric residues
are present in the interaction interface (Fig. 6). This argument holds
whether the dimerisation is two-fold symmetrical (Fig. 6A) or asym-
metrical (Fig. 6B), and whether the protomers are in the same (Fig. 6A
and B) or in the opposing states (Fig. 6C). Deviation of symmetry is also
required for the speciﬁc dimerisation of two different carriers (hetero-
dimers) (Fig. 6C) or for the speciﬁc association of carriers with other
mitochondrial membrane proteins. However, the residues on the
surface of the carriers are not well conserved and highly symmetricalFig. 7. Symmetric residues on the surface of mitochondrial carriers. Average symmetry and c
projected onto a model of the bovine ADP/ATP transporter [27]. The symmetry scores are rep
spheres represent residues that are absent from the repeat. The highly symmetric and conser
part of this analysis, but they are unstructured and highly variable in composition and leng(Fig. 7). There are no conserved asymmetric patches on the outside of
mitochondrial carriers that are compatible with speciﬁc protein–
protein interactions required for dimerisation and recognition [76]
(Fig. 8). All of the symmetry considerations taken together show that
the amino acid sequences of mitochondrial carriers do not code for
speciﬁc protein–protein interactions, whether with themselves or
with other mitochondrial proteins. The high level of conserved three-
fold symmetry indicates that the carriers operate as single units in a
three-fold symmetrical manner.
6. Concluding remarks
At ﬁrst glance, the case for the dimer model seems quite strong by
the sheer number of publications that make reference of it. However,
several critical factors were not fully appreciated. In techniques whereonservation scores, represented by the size and colour of the Cβ atom, respectively [76]
resented by a colour scale from neutral (white) to highly symmetric score (blue). Green
ved residues are labelled with the one-letter amino acid code. The loop regions were not
th, and thus cannot constitute a conserved interaction interface.
Fig. 8. Asymmetric residues on the surface of mitochondrial carriers. As the legend of Fig. 7, but the symmetry scores are represented by a colour scale from neutral (white) to highly
asymmetric (red). Green spheres indicate residues that are absent from the repeat. All of the asymmetric residues are labelled with the one-letter amino acid code.
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solution, the contribution of lipids and detergents were not, or not
fully, taken into account. Another factor is the structural instability of
mitochondrial carriers in detergents, which could lead to unfolding
and non-speciﬁc aggregation. The cross-linking, binding and kinetic
studies have not provided suitable evidence to distinguish between
monomer or dimer models. The structural and sequence data are
compatible only with the monomer. Most functional studies show
thatmitochondrial carriers operate as independent units. If all of these
factors are taken into account the monomer is the most likely
structural and functional form of mitochondrial carriers.
The monomer model must be able to explain transport properties
of mitochondrial carriers, such as substrate binding, kinetics and the
uniport or strict exchange transport modes. By studies of distance and
chemical constraints [77,78], by symmetry analysis [76], and by
molecular dynamic studies [79,80] a single substrate binding site was
identiﬁed in the central cavity, which explains substrate selectivityand proton coupling. The single substrate binding site is at the
midpoint of the membrane, where the substrate is bound also in
members of unrelated transporter families, such as the lactose
permease [99], the leucine transporter [100], the glutamate trans-
porter [101], and the maltose ABC transporter [102]. The substrate
translocation path is most likely through the centre of the carrier
[26,27].
During the transport cycle, transporters need to be closed on one
side of the membrane or the other to prevent inﬂux of protons and
loss of themembrane potential. Salt bridge networks, consisting of the
conserved charged residues of the P[DE]XX[RK] and [YF][DE]XX[RK]
motifs, could regulate the access to the substrate binding site in the
two states [76]. The central position of the proposed substrate binding
site and the salt bridge gates agrees with the single binding centre
gated pore model [17,21], but only if the carriers function as
monomers [76] rather than dimers [22]. A ping-pong mechanism
seems to be the only plausible kinetic model that is consistent with
Fig. 9. Strict equimolar exchange of ADP and ATP in the transport cycle of the mitochondrial ADP/ATP carrier. The common substrate binding site is shown as a hexagon [76–78].
Negatively and positively charged residues of the salt bridge networks are shown as red and blue sticks, respectively. Imported ADP and exported ATP are shown in sphere
representation with green and cyan carbon atoms, respectively. All transport steps are fully reversible, but the direction of transport (red arrow) is determined by the chemical
gradients of the substrates and themembrane potential. During ADP import, thematrix network on the odd-numbered α-helices is disrupted, whilst the cytoplasmic network on the
even-numbered α-helices is formed, and the converse happens during ATP export. The structural changes in the transport cycle might occur with three-fold pseudo-symmetry via a
rotary twist (orange arrows). The matrix and cytoplasmic state are referred to as m-state or c-state, respectively. The transition states are most likely to be closed to the
mitochondrial matrix and intermembrane space. The membrane is shown in grey.
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acylcarnitine carrier [23] and the ADP/ATP carrier [89,90].
The interaction energy of the cytoplasmic network may allow
members of the carrier family to be classiﬁed as strict exchangers or
net importers [76]. When the interactions of the cytoplasmic salt
bridge network are strong, inter-conversion from the matrix state to
the cytoplasmic state may be prevented in the absence of substrate, as
the network will pose a considerable energy barrier with a low
probability of disrupting spontaneously. Consequently, the exchange
of the substrates will be equimolar and dependent on the presence of
substrate on both sides of the membrane, as exempliﬁed by the ADP/
ATP carrier (Fig. 9). If the cytoplasmic network is weak and the matrix
network strong, the protein could convert from the matrix state to the
cytoplasmic state in the absence of substrate, as a weak network has a
higher probability of breaking spontaneously, as exempliﬁed by the
glutamate carrier (Fig. 10). In this case, the carriers will function as net
importers into mitochondria. There are very good correlations
between the predicted interaction energy of the networks and thetransport modes of transporters, as veriﬁed experimentally by efﬂux
activities and theoretically by a good correlation with biological
function (see references in [76]). The proposed transport mechanism
explains strict exchange without the need to invoke a dimer.
When all of the evidence is considered, the monomer is by far the
most likely structural and functional form of mitochondrial carriers.
Mitochondrial carriers are among the smallest of transporters, yet
they transport large substrates. Further studies into the structural and
kinetic mechanism of transport are required to understand how they
accomplish this remarkable feat.Acknowledgements
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